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INTRODUCTION: 

Methane i s  a v a i l a b l e  i n  l a r g e  q u a n t i t i e s  i n  n a t u r a l  gas, thus  c o n s t i -  
t u t e s  an impor tan t  raw mate r ia l  f o r  t h e  syn thes is  o f  h ighe r  mo lecu la r  
weight hydrocarbons. Processess e x i s t  t o  conver t  methane i n t o  acetylene, 
ethylene, and hydrogen us ing  h i g h  temperature p y r o l y s i s .  However, a t  t h e  
h igh  temperatures needed f o r  t h e  thermal decomposition o f  methane, t h e  
y i e l d s  o f  more va luab le  l i q u i d  and gaseous produc ts  are t o o  low due t o  t h e  
fo rmat ion  o f  excessive amounts o f  carbonaceous s o l i d s  (see (1) and r e f e r e n -  
ces the re in ) .  

I n  an e a r l i e r  pa ten t  Gor in  (2 )  proposed a ch lo r i ne -ca ta l yzed  process 
i n  which methane conversion was achieved v i a  CH c h l o r i n a t i o n ,  f o l l owed  by 
the  p y r o l y s i s  o f  c h l o r i n a t e d  methanes (CM) and fo rmat ion  o f  C t produc ts  
and HC1. The HC1 produced can e i t h e r  be converted i n t o  c h l o r f n e  v i a  t h e  
well-known Deacon reac t i on ,  o r  can be used t o  conver t  CH i n t o  CH C1 v i a  
oxych lo r i na t i on  process, thus  complet ing t h e  c a t a l y t i c  c y h e  f o r  c h o r i n e .  
Recently, Benson (3) pa ten ted  a process s i m i l a r  t o  t h a t  o f  Gor in (Z), i n  
which t h e  flame reac t i ons  o f  C1 and CH were invo lved.  La ter ,  Weissman and 
Benson ( 4 )  s tud ied  the  k i n e t i c s 2 0 f  CH3Cf p y r o l y s i s .  

As expected from bond d i s s o c i a t i o n  energy cons idera t ions ,  t h e  decomposi- 
t i o n  temperatures f o r  CM would be lower than t h a t  f o r  methane, thus  t h e  
des t ruc t i on  o f  va luab le  p y r o l y s i s  products,  which i nc lude  acety lene and 
ethylene would be suppressed. However, i n  s p i t e  o f  t he  lower  temperatures 
requ i red  f o r  CM p y r o l y s i s ,  t h e  fo rmat ion  o f  carbonaceous s o l i d s  s t i l l  i s  a 
problem ( 2 , 4 ) ,  and t h i s  renders t h e  d i r e c t  p y r o l y s i s  o f  CMs u n a t t r a c t i v e  
f o r  p r a c t i c a l  app l i ca t i ons .  

The Ch lor ine-Cata lyzed Ox ida t i ve -Py ro l ys i s  (CCOP) process developed 
amel iorates t h e  problem o f  fo rmat ion  o f  s o l i d  products,  w h i l e  ma in ta in ing  
h igh  y i e l d s  f o r  acetylene and e thy lene ( 5 , 6 ) .  The CCOP process e x p l o i t s  t h e  
high-temperature,  non-flame reac t i ons  o f  methane, ch lo r i ne ,  and oxygen, and 
forms an impor tan t  b r i dge  between combustion chemistry,  halogen i n h i b i t i o n  
processes (7,8) and chemical r e a c t i o n  engineer ing.  Al though some carbon 
monoxide forms i n  t h e  CCOP process, CO i s  a gaseous produc t  thus  can be 
handled e a s i l y .  I n  add i t i on ,  CO can i t s e l f  be used t o  syn thes ize  h i g h e r  
molecular hydrocarbons as we1 1 . 
EXPERIMENTAL: 

The experiments were conducted i n  a 2 . 1  cm ID quar t z  tube which was 
about 100 cm long, and was p laced i n  a 3-Zone Lindbergh furnace. A smal l  
amount o f  CH3C1/0 m ix tu re  was i n j e c t e d  d i r e c t l y  i n t o  pre-heated argon 
c a r r i e r  gas. Expzriments were reasonably isothermal as determined by 
thermocouples. Al though lam ina r  f l o w  cond i t i ons  were present,  t h e  d e v i a t i o n  
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from idea l  p l u g  f l o w  behav io r  was determined t o  be i n  the  range 10-15%, by 
t h e  measurements o f  t h e  concen t ra t i on  p r o f i l e s  i n  t h e  r a d i a l  d i r e c t i o n .  

Species p r o f i l e s  were determined by w i thdrawing  gases through a water-  
cooled quar t z  sampl ing probe pos i t i oned  c e n t r a l l y  a t  t h e  downstream o f  t h e  
r e a c t i o n  zone, fo l l owed  by gas ana lys i s  by o n - l i n e  mass spectrometry.  

~- RESULTS AND DISCUSSION: 

The exper imenta l  cond i t i ons  i nves t i ga ted  a r e  presented i n  Table I. It 
should be no ted  t h a t  under these cond i t ions ,  homogeneous gas-phase k i n e t i c s  
would dominate t h e  r e a c t i o n  processes, w i t h  minor c o n t r i b u t i o n s  f rom su r -  
f ace  induced r e a c t i o n s  (4,9). 

TABLE 1 
Experimental Cond i t ions  Inves t i ga ted .  

T=980C, P=515 Tor r ,  v=150 cm/s, res .  time=50-250 ms 

M ix tu re  A Mix tu re  B 
Mol e percent  Mol e percent  

Species Ccop Process S t .  P y r o l y s i s  

CH C1 7.32 7.47 
o3 2.05 
A t  90.6 92.5 

I t  was p o s s i b l e  t o  conduct experiments w i t h  M i x t u r e  A i n d e f i n i t e l y  
w i thou t  any v i s i b l e  s igns o f  fo rmat ion  o f  s o l i d  depos i ts  a t  t h e  e x i t  o f  t h e  
t ransparent  qua r t z  reac to r .  Use o f  m ix tu re  B, however, immediately r e s u l t e d  
i n  t h e  fo rma t ion  o f  dark  s o l i d  deposi ts,  which rendered t h e  quar t z  r e a c t o r  
opaque. The fo rma t ion  o f  s o l i d  depos i ts  i n  t h e  absence o f  oxygen, however, 
i s  an expected r e s u l t ,  cons i s ten t  w i t h  t h e  f i n d i n g s  o f  p rev ious  i n v e s t i g a -  
t o r s  (2,4). 

I n  a l l  t h e  exper iments t h e  major species q u a n t i f i e d ,  o the r  than t h e  
reac tan ts  and argon, were: C H C H C H C H C1, CH , HC1, and CO. 
Minor species i d e n t i f i e d ,  bu t2n8 i  qu$nt; f ie8 t6H6, i20 ,  C02, and 
HCHO. 

I n  F igu re  1 t h e  mole percent  p r o f i l e  f o r  CH C1 and temperature a re  p re -  
sented as a f u n c t i o n  o f  a x i a l  p o s i t i o n .  I n  add j t i on ,  t h e  percent  f o r  unac- 
counted carbon (UC) i s  a l s o  presented. UC i s  de f i ned  as t h e  percent  o f  
carbon unaccounted f o r  by the  measurements o f  ma jor  gaseous species, thus  
i t  represents  a measure o f  ex ten t  o f  fo rmat ion  o f  s o l i d  products.  

t h e  fo rmat ion  o f  h igh  molecu la r  
we igh t  products,  which cannot be q u a n t i f i e d  by mass spectrometry, i s  indeed 
a problem i n  t h e  absence o f  0 . Th is  r e s u l t  i s  c o n s i s t e n t  w i t h  our  q u a l i t a -  
t i v e  observa t ions  no ted  e a r l i z r  and t h e  r e s u l t s  o f  Gor in  ( 2 ) ,  and Weissman 
and Benson (4).  

and CO a re  presen- 
ted. The HC1 mole percents  were c a l c u l a t e d  from ch?or ine  atom balances, 
f rom the  measurements o f  t he  o v e r a l l  conversion o f  CH3C1, and by assuming 
t h a t  no c h l o r i n e  i s  assoc ia ted  w i t h  UC. The conversion o f  O2 was q u i t e  low, 

As seen f rom t h e  UC p r o f i l e s  i n  F i g  1, 

I n  F igu re  2 t h e  mole percent  p r o f i l e s  f o r  HC1, 0 , 
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l e s s  than about lo%, cons is ten t  w i t h  t h e  format ion o f  l o w  l e v e l s  o f  CO, and 
by t h e  absence o f  q u a n t i f i a b l e  amounts o f  C02 o r  H20. 

In Figure  3 t h e  p r o f i l e s  f o r  H and CH4 a re  presented. The mole f r a c -  
t i o n s  fo r  H were ob ta ined f rom Eydrogen atom balances. I n  F igu re  4 t h e  
p r o f i l e s  f o r  ZgHf, CgH4, and C H C1 are  shown. These p r o f i l e s  suggest t he  
eventual  es ta  1 shme t o f  pseu io?s ta t ionary  values f o r  C H and C H4 a t  
h igher  CH C1 conversions, cons i s ten t  w i th  t h e  non-chain Ghgracter 6f the  
process. A$ seen f rom these p r o f i l e s ,  t h e  l e v e l s  o f  thebe produc ts  were no t  
s e n s i t i v e  t o  02. 

REACTION MECHANISM: 

s i s  s t a r t s  w i th  t h e  w e l l  known i n i t i a t i o n  s tep  (IO): 
D e t a i l e d  chemical modeling o f  t he  CCOP process suggests t h a t  CM p y r o l y -  

CH3C1 === CH3 t C1 1) 

CH3C1 t O2 === CH2C1 + H02 2) 

C1 t CH3C1 === CH2Cl  t HC1 3) 

CH 3 t H C l  === CH4 + C1  4) 

as w e l l  by t h e  f o l l o w i n g  r o u t e  i n  t h e  presence o f  02: 

These r e a c t i o n s  a re  fo l l owed  by: 

Once formed, HC1 undergoes t h e  f o l l o w i n g  f a s t  reac t i on :  

regenera t ing  C1, and forming CH as an i n e v i t a b l e  by-product o f  CM p y r o l y -  
sis. React ion 4 a l s o  r a p i d l y  con&mes t h e  CH3, t he re fo re  render ing  CH2C1 as 
the  most impor tan t  C1 r a d i c a l  i n  t h e  system. 

The chemica l l y  a c t i v a t e d  recombinat ion o f  CH C1, as w e l l  as CH C 1  and 
CH then determine t h e  major p roduc t  d i s t r i b u t ? o n s  i n  t h e  CCOP brocess. 
Thsse r e a c t i o n s  a re  t h e  fo l l ow ing :  

* 
CH2C1 t CH2C1 === [1,2-C2H4C12] 5) 

CH3 t CH2C1 === [C2H5C1]* 6) 
* * 

where [ ] denotes t h e  chemica l l y  a c t i v a t e d  adduct. The CH tCH3=[C2H ] 
r e a c t i o n  i s  unimportant because o f  t h e  lower concent ra t ions  30f  t h e  f H 3  
r a d i c a l s .  

The energized adducts [1,2-C H C1 I*, and [ C  H C1]* then undergo t h e  
fo l l ow ing  para1 l e 1  1 s t a b i l  i z a t i o n  grid dzcomposi t i on2 r8ac t i ons :  

[1,2-C2H4Cl2]*  + M - - - >  1,2-C2H4C12 t M ( S t a b i l i z a t i o n )  7) 

> C2H4C1 t C1 8) 

> C2H3C1 t HC1 9) 

- - - - - - -  
- - - - - - - 
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* 
[C2H5C1] t M - - - >  C2H5C1 t M ( S t a b i l i z a t i o n )  10) 

> C2H4 t HC1 11) 

> C2H5 t C1 12) 

- - - - - - - 
- - - - - - - 

As apparent f rom these reac t i ons  gas d e n s i t y  (M) has a s i g n i f i c a n t  impact 
on the  na ture  of t h e  u l t i m a t e  produc t  d i s t r i b u t i o n .  For example, a t  h ighe r  
pressures and/or lower  temperatures where M i s  high, c o l l i s i o n a l  s t a b i l i z a -  
t i o n  o f  t h e  chemica l l y  a c t i v a t e d  in te rmed ia tes  i s  enhanced, thus  t h e  forma- 
t i o n  o f  recombina t ion  products would be favored. a t  l ow  p res -  
sures and/or h i g h e r  temperatures where M i s  low, HC1 and C1 e l i m i n a t i o n  
channels would g a i n  g r e a t e r  s ign i f i cance .  

These r a d i c a l  combinat ion reac t i ons  a re  then fo l lowed by t h e  f o l l o w i n g ,  
again pressure-dependent, un imo lecu la r  reac t i ons  l ead ing  t o  t h e  fo rma t ion  
o f  C2H2, and C2H4: 

Conversely, 

C2H3C1 t M === C2H2 t HC1 t M 13) 

C2H4C1 + M === C2H4 t C1 t M 14) 

1,2-C2H4C12 t M === C2H3C1 t HC1 t M 15) 

C2H5C1 + M === C2H4 t HC1 t M 16) 

Reaction 13 i s  t h e  major channel f o r  t he  fo rmat ion  o f  C H2 and f o r  t h e  
The fo rmat ion  o f  C H occurs p r imar i?y  v i a  r e a c t i o n  

Ethylene a l s o  undergoes t h e  f o l l o w i n g  d e s t r u c t i o n  processess: 

d e s t r u c t i o n  o f  C H C1. 
11, and t o  a l e d e ?  ex ten t  by reac t i ons  14,4and 16. 

C2H4 t C1 === C2H3 + HC1 17) 

C2H4 t CH2C1 === C2H3 t CH3C1 18) 

and f o r m  one of t h e  most impor tan t  C r a d i c a l s  i n  t h e  system, C H . S i m i l a r  
d e s t r u c t i o n  channels f o r  C2H2 would 2e t o o  slow t o  be of  any s i$n?f igance.  

t h e  pr imary  r e a c t i o n  pathways a v a i l a b l e  f o r  
C2H3 a re  i t s  po l ymer i za t i on :  

I n  t h e  absence o f  oxygen, 

C2H3 t C2H2 === CH2CHCHCH 18) 

C2H3 t C2H4 === CH2CHCH2CH2 19) 

‘ZH3 === C2H2 t H 20) 

and t o  a l e s s e r  ex ten t :  

o r  i t s  h igh ly -endothermic ,  thus  slow decomposition t o  acetylene: 

The CH2CHCH CH and CH CHCHCH r a d i c a l s  subsequently undergo dehyd- 
rogenat ion,  hyd?’og&ation, f u r t h e r  a d d i t i o n  reac t i ons  w i t h  C H and C H 
c y c l i z e  and u l t i m a t e l y  r e s u l t  i n  the  fo rmat ion  o f  h igh  mole&dar wets$; 
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carbonaceous s o l i d s .  Al though t h e  d e t a i l e d  chemical k i n e t i c  s teps  l e a d i n g  
t o  t h e  fo rmat ion  o f  s o l i d  p roduc ts  a re  no t  f u l l y  known a t  p resent ,  t h e  p ro -  
cess nevertheless i s  w e l l  known t o  be extremely r a p i d  ( l l ) ,  and r e a c t i o n  
18 i s  be l ieved t o  p l a y  a p i v o t a l  r o l e  (4,12, 13). 

however, t he  C H3 r a d i c a l  has an a d d i t i o n a l  
f a s t  r e a c t i o n  channel which e f f e c t i v e l y  compet2s w i t h  the  above processes: 

I n  the  presence o f  oxygen, 

C2H3 t O2 === HCOH t HCO 21) 

Th is  elementary r e a c t i o n  have o n l y  r e c e n t l y  been i s o l a t e d  and s tud ied  (14), 
and was shown t o  have no a c t i v a t i o n  energy b a r r i e r .  Consequently, oxygen 
has a profound i n f l u e n c e  on t h e  processes o f  fo rmat ion  o f  h igh  mo lecu la r  
weight hydrocarbon s o l i d s  and carbon by d i r e c t l y  i n t e r c e p t i n g  t h e  C H 
r a d i c a l s .  The HCOH and HCO formed by r e a c t i o n  21 subsequenly a re  conver?ed 
i n t o  CO. 

As ev ident  f rom the  above r e a c t i o n  mechanism, al though 0 i n t e r r u p t s  
t h e  processess t h a t  u l t i m a t e l y  l ead  t o  t h e  fo rmat ion  o f  s o l i d  8epos i ts ,  
i t  does not d i r e c t l y  i n t e r f e r e  w i t h  t h e  reac t i ons  respons ib le  f o r  t h e  
fo rmat ion  o f  e thy lene and acetylene. Th is  i s  supported by t h e  exper imental  
measurements presented i n  F igure  4, i n  which t h e  mole percents  f o r  C H and 
C H remained near l y  the  same bo th  i n  t h e  presence and absence o f  ox$ggn a t  
t i e 4  same ex ten t  o f  conversion o f  CH3C1. 

It i s  most impor tan t  t o  no te  t h a t  t he  success o f  t h e  CCOP process 
depends on t h e  presence o f  t he  f o l l o w i n g  combustion i n h i b i t i o n  r e a c t i o n ,  
which a l so  i s  t h e  major r o u t e  f o r  H2 format ion:  

H t HC1 === H 2 t C1 22) 

React ion 22, because o f  i t s  lower a c t i v a t i o n  energy, e f f i c i e n t l y  removes 
t h e  H r a d i c a l s  from t h e  system, and renders t h e  f o l l o w i n g  impor tan t  combus- 
t i o n  cha in  branching reac t i on :  

i- 02 === OH t 0 23 1 
i n e f f e c t i v e  (7,8). 
Consequently t h e  fo rmat ion  o f  flames, thus  t h e  d e s t r u c t i o n  o f  CM and va lua-  
b l e  products a re  prevented. 
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